Rocking disc electrode voltammetry (RoDE) is introduced as an experimentally convenient and versatile alternative to rotating disc voltammetry. A 1.6 mm diameter disc electrode is employed with an overall rocking angle of Θ = 90 degree applied over a frequency range of 
Introduction
Hydrodynamic electrochemical methods, and in particular the rotating disc electrode [1, 2, 3, 4] , offer an accurate and reliable way of obtaining surface and solution kinetic information for electrochemical redox systems. Steady state (time independent) voltammetric responses are measured and analysed as a function of the rotation rate. Although more accurate treatments of the hydrodynamic conditions at the rotating disc electrode are known [ 5 ] , the equation
proposed by Levich [6] (see equation 1) is generally accepted for the analysis of the mass transport limited current signals. 
In this equation, the mass transport limited current Ilim is given by n, the number of electrons transferred per molecule diffusing to the electrode surface, F, the Faraday constant, A, the geometric electrode area, D, the diffusion coefficient, v, the kinematic viscosity, and f, the angular frequency given by 2 multiplied by the rotation rate. Many further methods have been developed from the initial concept including, for example, rotating ring-disc measurements [7] , high speed turbulent rotating disc voltammetry [8] , hydrodynamically modulated rotating disc voltammetry [9] , channel flow electrodes [10] , and hydrodynamic electrodes with Couette flow [11] .
Here, the use of a "rocking" electrode (with overall 90 degree rocking angle, see Figure 1 ) is contrasted to conventional rotating disc methods. Earlier experimental studies by Cummings et al. [12, 13] suggested that a "rocking movement" of the electrode (or the electrochemical cell) could lead to uniform mass transport and beneficial electro-deposition conditions very 4 similar to those obtained with a rotating disc electrode. It was argued that such a system has the advantages of technical simplicity (no sliding contacts) and improved versatility. The study successfully demonstrated that the rocking motion increases the rate of mass transport (the mass transport limited current increased linearly with the square root of the rocking rate) with sufficient electrolyte homogenisation as well as dislodging gas bubbles from the electrode surface. In a further study, the effect of rocking movement on two adjacent semi-disc electrodes was investigated and it was proposed that the angular movement in a given time accounted for the current in a similar manner for rotating disc and for rocking disc systems [14] .
In order to further explore the physicochemical characteristics and applications of rocking disc voltammetry (RoDE, see Figure 1 ), this study systematically investigates the relationship between the mass transport limited current generated by the rocking motion of a 1.6 mm diameter platinum disc electrode. The rocking motion is introduced by linking a rotating plate to a second axis via a "four bar mechanism" (see Figure 1A ) with an equivalent mechanism employed in the theory (see Figure 1B) . It is shown that in spite of the more complex nature of the hydrodynamic conditions at the rocking disc -solution interface, well-defined voltammetric measurements are possible and a "Levich-type" equation is obtained (in the limit of laminar flow). Future applications of the rocking disc voltammetry method could be in electro-deposition or electro-polishing, etching, electroanalysis, or the voltammetric investigation of complex liquids. 
Theory
A four-bar mechanism is designed to deliver the rocking motion to the electrode that covers 180 degrees (90 degrees back and forth, see Figure 1B ) during one rocking cycle. In practice, the new construction obviates the need for contact brushes and simplifies the experimental procedures. However, the hydrodynamic flow caused by the rocking motion is significantly more complex and no analytical solution is currently available. This problem is thus tackled using a numerical approach. This article aims to numerically investigate the performance of RoDE under a simple electrochemical reaction and to validate it with experimental results. The mathematical model comprises of the governing transient conservation of mass, momentum and species along with the velocity equations for the rocking motion. The nomenclature for symbols is summarised in Table 1 and Table 2 . Kinematic analysis of the four-bar mechanism yields the velocity equations that are solved numerically to obtain the rocking rate in terms of the rotation rate (see Figure 1D ). The rocking motion obtained is fed as the boundary condition to the transient conservation of momentum and thus gets coupled. The limiting current corresponding to various "rocking" frequencies will be calculated and compared to both experimental data and the theoretical values from a modified Levich-type equation.
A key difference between the classic rotating disc electrode (RDE) and the rocking disc electrode (RoDE) is the introduction of a "rocking" mechanism. A schematic of the whole device and the mechanism is illustrated in Figure 1A . The four-bar mechanism ( Figure 1B) functions as follows. The bar AB is rotated at regular frequency " 2 ", which can be electronically controlled with a motor. Via the crank BC, this transmits a "back-and-forth" motion to the bar CD. The electrode is attached to the bar CD and its movement then follows that of the bar. The "rocking" frequency used in subsequent parts of the article will refer to the frequency of bar AB instead of CD. By denoting the angles 2 , 3 and 4 as in Figure 1B , the following differential equations termed as velocity equations are obtained from kinematic analysis:
Here 2 is the angular frequency of bar AB in rad/s, L2, L3, and L4 are the lengths of the links as shown in Figure 1B . The equations above are subject to appropriate initial conditions for 3 and 4 from the geometry of the mechanism. The rocking rate is given by Eq. 2 and the Levich equation now will have additional terms other than 2 . Once the rocking rate 4 is calculated, it is coupled to the fluid and mass transport calculations as outlined below.
Fluid and species transport. A schematic representation of the RoDE experimental setup is
shown in Figure 1C . The disc electrode is immersed in a large beaker containing an aqueous solution of the electrolyte using an electrode holder made of Teflon. Excess supporting electrolyte is used and a generalised redox process O + e -R is considered. The continuity equation for incompressible fluids is given by equation 3.
The momentum conservation for the fluid is given by equation 4.
The species conservation equation is described by equation 5.
The flux here is defined in equation 6. ,
In the above equations, is the velocity vector, t is the time, is the pressure, is the density of the electrolyte, ν is the kinematic viscosity of the electrolyte, is the concentration of the species i, is the species flux, ri is the rate of homogenous production of species i, Di is the diffusion coefficient of species i, zi is the charge number, ui is the species mobility, F is the 
For the case of a liquid with a constant density and a constant binary diffusion coefficient, continuity, and the geometry as shown in Figure 1C , momentum and species balance equations are transformed into cylindrical coordinates as shown in equations 8-12 below. In the above equations 8-12, r u is the radial component of velocity,  u is the angular component of the velocity, z u is the axial component of the velocity,  is the dynamic viscosity of the fluid, r is the radial coordinate, θ is the angular coordinate, and z is the axial coordinate.
Boundary and initial conditions. At the walls of the beaker ( , ,
), no slip is specified for the velocity and no flux is specified for the species (equation 13).
At the surface of the disc electrode ( As the disc electrode along with the holder spins at the specified revolutions per minute (rpm), the velocity is specified at these boundaries ( For the 2D axisymmetric case, axial symmetry is specified at the axis of cylindrical coordinate
The pressure is set to be zero arbitrarily at a reference point ( 
 
Here the overpotential  is defined as
The voltage applied at the electrode depends on the scan rate and is defined as
The current is the flux at the electrode surface and is defined as 
Experimental Details

Chemical Reagents
Potassium chloride (99%), sodium perchlorate (98%), potassium iodide (99%), sulphuric acid (95-98%), and sucrose (99.5%) were obtained from Sigma Aldrich. Hydrochloric acid (30%) 15 was obtained from Fluka, and hexa-ammine ruthenium (III) chloride (99%) from purchased Strem Chemicals. Reagents were used without further purification. Solutions were prepared in demineralized and filtered water taken from a Thermo Scientific water purification system (Barnstead Nanopure) with 18.2 MΩcm resistivity.
Instrumentation
For voltammetry studies, a microAutolab II potentiostat system (EcoChemie, Netherlands) was 
Results and Discussion
Rocking Disc Electrode Voltammetry I.: Convective Transport and Concentration
Effects
Initial experiments were performed for the one-electron oxidation of 1 mM Fe(CN)6 4-to Fe(CN)6 3-in aqueous 1 M KCl. For an electrode that is gently rocking at 1.67 Hz (see Figure   2A ), the effect of scan rate on the shape of the voltammetric response is indicative of the hydrodynamic effect. Only at a lower scan rate of 10 mVs [15] ), R is the gas constant, T is the absolute temperature, and F is the Faraday constant. An average diffusion layer thickness of ca. 41 m is estimated for a rocking rate of 1.67 Hz. This estimate can be compared with the more accurate diffusion layer thickness calculated under these conditions based on equation 30, RoDE = 64 m. By increasing the rocking rate, the limiting current is increased and therefore the average diffusion layer thickness decreased (see Figure 3B ). When plotted, the square root dependency of the mass transport limited current on the rocking rate is clearly revealed (see Figure 3C ). As expected, the transition scan rate vtrans is significantly increased at higher rocking rates. 
Rocking Disc Electrode Voltammetry II.: Effect of Diffusion Coefficient and Viscosity
The effect of the diffusion coefficient on the RoDE limiting current was studied by working with five different redox systems (see Figure 4C 
18
The effect of changing viscosity on current responses is more subtle and this is studied here by the addition of sucrose into the aqueous electrolyte solution. Sucrose was electrochemically inert within the potential range of the experiment (using oxidation of 1 mM Fe(CN)6 4-in 1 M KCl) and could be used to adjust the viscosity over a sufficiently large range (see Figure 5A ).
The change in viscosity of the liquid electrolyte is known to affect the diffusion coefficient of the electroactive species. The diffusion coefficient of Fe(CN)6 4-in 1 M KCl at different sucrose concentrations was determined by microelectrode chronoamperometry at a disc (100 m diameter, see experimental) and fitting with the simulation software package DigiElch 4.F (employing 2D semi-infinite diffusion) to give reliable diffusion coefficient data (see Figure   5B ). To elucidate the effect of the kinematic viscosity on the limiting current a normalisation has to be applied. The double logarithmic plot of the limiting current under rocking disc conditions divided by D 2/3 versus kinematic viscosity (controlled with sucrose [17] ) is shown in Figure 5C (see also Figure SI5 ). The dashed line shows the expected behaviour for 
Conclusions
It has been shown that for rocking frequencies up to 25 Hz for a 1.6 mm diameter inlaid platinum disc, well-defined voltammetry is possible under rocking disc voltammetry conditions. A quantitative expression, Generally, it is possible to summarise the potential pros and cons for RoDE experiments as (i) the RoDE system can be operated without electrical brush contacts, (ii) the rocking agitation is likely to effectively dislodge gas bubbles or particles, (iii) an approximately uniform diffusion layer allows (similar to RDE) plating of metals or thin films evenly over substrates [12, 13] , (iv)
all methods for kinetic analysis of heterogeneous or homogeneous electrode reactions can be applied in a similar way for RoDE and RDE, and (v) electro-synthetic reactions are possible under defined diffusion layer thickness conditions. Possible problems arise from currently unknown effects of the container size and shape with significant changes in flow pattern expected for both RDE and RoDE if there is only a small gap between the container wall and the electrode [22] . For the case of non-Newtonian fluids interesting differences in RDE and in RoDE experiments should emerge. The miniaturisation of the RoDE experiment similar to that for the RDE [23] appears possible and potentially useful.
Future applications of the rocking disc voltammetry methodology are possible in plating or electro-polishing applications, where uniform mass transport and removal of bubbles from electrode surfaces are desirable. Due to the uniform accessibility of the electrode surface, the expression for the limiting current is readily adapted to apply to other electrode shapes (noncircular) and sizes. The interaction of colloid-and micro-particles with the flow field in RDE experiments has been recognised to significantly affect mass transport [24] . This effect can be predicted to change under RoDE conditions possibly leading to a better interaction of the particles with the electrode surface. 
